regarded as an effective technique for motor and its downstream equipment fault diagnostics. However, limited work has been carried out for motors based on a sensorless variable speed drive (VSD). This study focuses on investigation of mechanical fault detection and diagnosis using electrical signatures from a VSD system. An analytic analysis was conducted to show that the fault can induce sidebands in instantaneous current, voltage and power signals in the VSD system, rather than just the sideband in a drive without closed loop control. Then different degrees of tooth breakages in an industrial two-stage helical gearbox were experimentally studied. It has found that even though the measured signal is very noisy, common spectrum analysis can discriminate the small sidebands for the fault detection and diagnosis. However, it has found that the power signals resulted from the multiplication of the current and voltage can provide a better diagnostic results.
INTRODUCTION
Induction motors (IM) are the backbone of many industry applications due to their reliability and robustness. However, they are liable to different faults which may be induced by their operating environments. For safety reasons, an online fault diagnosis for induction machines is necessary in order to increase the reliability of the system and also prevent faults from progressing to high severity [1] [2] [3] .
In IM, high performance is important to produce an efficient operation service. To do this, the IM must run with a small slip. Therefore, the most efficient strategy for speed control must be based on changing the synchronous speed rather than the slip. The supply frequency and the number of poles are the two main variables that determine the speed of the IM. The best method to adjust the speed over a wide range is to provide a variable-frequency supply; which can be implemented by the VSD [4] . When setting the VSD to a sensorless mode, certain variables will be adjusted, including speed, terminal voltages and stator currents .The regulation mechanism for speed responds is by compensating for any changes based on altered loads or other factors. The drive changes the terminal voltage more than the current due to its attempt to keep speed constantly near to the desired level. Thus, more information about the motor conditions can be obtained by means of the voltage signals. It means that any mechanical problem such as tooth breakage will influence the current, voltage and power signals. Therefore, these signals can be used to diagnose gear tooth breakage [5] [6] [7] .
MCSA has been found to be the most effective technique in fault diagnosis. It can utilize a clear indication to spot an existing or incipient failure using spectral analysis of the stator current of an induction motor. Moreover, MCSA is capable of detecting and analyzing the current components in terms of monitoring and diagnosis different faults such as broken rotor bars, air gap eccentricity, and shorted turns [3] .
Connecting the IM through sensorless VSD allows control of the rotational speed to provide better dynamic response to any load changes, save energy and use power supply parameters to estimate speed and flux without sensors [8] . However, the closed-loop system induces a level of noise to the current and voltage measurements which masks some characteristics and prevents receipt of clear information [9, 10] . Little work has been found on the diagnosis performance of current, voltage and power signals with sensorless VSDs which are extensively used in industrial drives for their advantages.
In previous work [11] , the diagnosis of motor stator faults for current and voltage signals under both open and closed-loop operation modes was discussed, hence the sensorless control gives more reliable and accurate diagnostic results. Moreover, MCSA method is used in [12] to detect the early onset of motor efficiency reduction in AC motors controlled by modern sensorless-vector variable speed control inverters. The dynamic response of the electrical current signals with a VSD for monitoring mechanical faults from a downstream gearbox using an open-loop control was investigated in [13] . Furthermore, the study in [14] provided the details for application of a modulation signal bispectrum analysis of current signals to enhance feature components for the detection of the stator faults using an open-loop control mode. A new scheme for sensorless Field Oriented Control with on-line speed and rotor resistance using a new type of estimator for artificial neural networks to improve the induction motor driver performance and extend the induction motor lifetime was presented in [15] . In [7] , the diagnosis of broken rotor bar based on sensorless VSD was investigated. It shows that components at twice slip frequency can be extracted more accurately in the power spectrum and also provide better results in separating different cases for broken rotor bar under sensorless VSD. However, review of the literature shows that in mechanical faults systems for example, tooth breakage, driven by a sensorless VSD are not well studied.
This work examines the capability of using electrical motor signatures driven by a sensorless VSD for monitoring and diagnostic of a mechanical system fault. Based on a two-stage helical gearbox transmission system, current, voltage and power signature analyses with small degrees of tooth breakage are investigated under different operating conditions.
II. ELECTRICAL MOTOR SIGNATURE ANALYSIS

A. Sensorless variable speed drive
In recent years, VSDs are increasingly turned within industrial spheres to give greater production efficiency. When setting the VSD to a mode without sensor action, certain variables will be altered, including speed, terminal voltages and stator currents. The regulation mechanism for speed responds to this by compensating for changes based on altered loads or other factors. The drive changes the terminal voltage more than the current due to its attempt to keep speed constantly near to the desired level. Thus, more information about the motor condition can be obtained by means of the voltage signals. On the other hand, the noise from the drive and the controlling activities of the closed loop hinder extraction of clarity data [5, 6] .
A feedback loop is added in order to provide a better speed regulation and enhance the dynamic response. For sensorless VSD, there are many different schemes which are almost the same in basic structure. A typical type is shown in Fig. 1 . [16] . For high performance reasons, systems for control frequently contain a number of control loops. The outermost is speed PI control loop, viewing speed measured values in comparison to reference figures, and producing the speed error which allows rising or lowering of outputs to match the set point. Variables of process are handled by the outer control loop, in which the speed regulator loop is within the process regulating loop and the torque regulator loop is the innermost loop. The inner control loop consists of two PI control loops [11, 17 ]:
• The current loop which compares between the estimated current and the reference to set the reference torque signal;
• The torque control loop which regulates the required voltage component based on the output of the current loop.
Another loop is the voltage control loop, which transfers the voltage component to the PWM. Finally, the field control loop which keeps the flux fixed at the rated speed in case if the speed is less than the base motor speed.
However, when the speed is at or higher than the rated speed, the flux will be lowered by using field weakening by (1/ ω r ) where ω r is the rotor angular frequency [11, 17, 18] . For stability purposes, the inner loop (torque loop) must be from three to ten times faster than the outer loop (current loop) and also the current loop should be three to ten times more than the speed loop. As represented in Fig. 1 . [16] , when a fault occurs, the speed will change and the drive will detect it, then the speed regulator will transfer a speed error to the speed control loop which will promote the torque control iq. Sensor less vector control block diagram [15] The output from the current controller sets the reference torque required so as to compensate any changes. Consequently, the torque controller will compare this reference torque with the estimated torque which outputs the desired torque voltage Vq to the PWM and then to the motor. Furthermore, the field current component sets the desired flux Ψ which is kept constant at the rated speed when the speed is less than the base motor speed. However, in case of small faults, the noise caused by the drive and the control actions of the closed loop mask the features extracted in the current signal, hindering the detection of the current signal [16] [17] [18] .
B. Effect of a fault on the electrical parameters
It is worth mentioning that mechanical abnormalities eventuate additional load oscillations around the electrical torque which are regulated at frequency F f that is linked with the rotational frequency r f and the supply frequency s f [19, 20] . Based on the study in [19] , the current signal in only one phase (A) for the motor in a healthy case is described by the following relationship:
Likewise, the flux of the stator can be written as:
As the torque can be generated by the interaction of the current flowing in the rotor bars and the air gap flux, thus, the expression of the torque will be as follows:
Where I and Ψ are the root mean square values of the supply current and air gap flux, I α and ψ α are the phases of the current and flux, fs is the supply frequency and P is the number of pole pairs [16, 21] . Consequently, the additional torque caused by the fault is supposing to be a sinusoidal wave with a current of I F , a phase of F α and a frequency of F f is expressed as the following:
The mechanical speed of the induction motor is represented as:
Because of the fault occurring, the speed of the motor ( ) will also oscillate by  as indicated in the following equation:
Consequently, the angular variation in the rotor will be:
The oscillations in the load due to mechanical fault result in torque component that modulates the motor speed and causes speed fluctuations which in turn change the rotor position. Therefore, these fluctuations in the rotor position affect the slip frequency and consequently, the torque current component will be also affected by the fault. The angular fluctuation will modulate the flux as is given in the following equation:
It is noticeable that the flux in equation (10) contains two components; the fundamental frequency and also the sidebands around it [19] . Based on the analysis in [10, 22] , the interaction between the stator flux and the equivalent circuit impedance produces sideband components around the supply frequency of the current and voltage signals as represented in the following relationships:
Where  is the angular displacement of motor equivalent circuit impedance at supply frequency, I l , I r , U l and U r are the RMS values of the lower and the upper sideband components of the current and voltage, respectively, at frequencies of f s -f F and f s + f F ,  is the phase angle between voltage and current,  is the phase angle between the stator flux and voltage, and is the fault frequency. Equation (11) shows that the current signal for the faulty case demonstrates additional components compared to that for healthy case. The corresponding power in the case of the fault will be expressed in the following , ω s is the angular supply frequency and ω f is the angular fault frequency. For simplicity, the phase angles are excluded from the trigonometric equations in which the presented features are close to a real power signal. As a result, an effective analysis can be applied.
From equation (14), it can be seen that the power spectrum has more features frequency components than that in current and voltage. Due to the modulation effect, the first harmonic of the supply frequency is disappeared whereas the second harmonic (2ɷ s ) is appeared alternately. Moreover, two sideband components appear at 2ɷ s ± 2ɷ F in addition to another two sidebands at 2ɷ s ± ɷ F . The amplitude of these two sidebands will change with the load fluctuations and hence, the sidebands will be different from that of healthy motor [19] . The sideband components in each electrical parameter will stimulate the drive's regulators for the sake of maintaining the speed of the machine. However, such frequency components and also the small changes due to incipient faults may be obscured by the drive's noise and actions making the detection difficult, consequently, more advanced signal processing techniques need to be used [10, 19] .
Based on the above discussion, when the motor driven by a sensorless VSD, the mechanical abnormalities cause additional load oscillations that are mostly regulated at frequency ( ), which is related to the rotating speed ( ) and the supply frequency. Load oscillations can be detected by the speed control loop if its frequency is within its bandwidth. In the case of PI controller, the field and the speed controller are the outer loops whereas torque, current and voltage loops are the inner loops, which have wider range of bandwidth than that of the outer loops. Consequently, the current control loop can respond faster than the speed control loop and can detect faults at frequencies out of the speed loop bandwidth range. However, the current loop bandwidth is limited by the voltage control loop bandwidth and not all the frequency ranges will pass through the current regulators [10] .
III.
TEST FACILITY AND PROCEDURE Figure 2 shows the test facility used in this work which consists of a 15kW AC induction motor at 1460rpm (twopole pairs), driven by a VSD. A back-to-back two-stage helical gearbox is driven by the IM and connected to a DC motor via flexible coupling, which acts as a mechanical load. The gear teeth numbers are 58/ 47 for the first stage and 13/59 for the second stage, with a total gear ratio of 3.678. The first gearbox (GB1) that connected to the induction motor acts as a speed reducer whereas the other is a speed increaser. The test rig is controlled by a Programmable Logic Control (PLC) which delivers the required test profile to both AC and DC VSDs. The AC drive, (Parker 650V) that adjusts the speed, can be set either to a V/Hz or a sensorless flux vector control mode. In sensorless mode, the drive estimates the system speed based on the Model Reference Adaptive system (MRAS). In this work, the VSD set under sensorless mode in order to evaluate its capability to detect mechanical fault in the system.
A high speed data acquisition system (YE6232B), 16 channels was used to record the data from different sensors with a sampling frequency of 96 kHz. Six sensors were used to record the electrical signals of three-phase currents and voltages. The collected data through the acquisition system is sent to a PC for processing and analyzing. An encoder is connected directly to the data acquisition system as a speed indicator. Then, all recorded data will be converted to a Matlab for analysis. Different tooth breakage severities (20% and 40% of the tooth width) under different operating conditions were carried out in GB1in order to examine the capability of using electrical signatures analysis to diagnose small degrees of mechanical fault. Mechanical part of the test rig
IV. RESULTS AND DISCUSSION
For identification and tracking of individual frequency components, electrical signal spectra are used to evaluate the physical machine characteristics. Figures 3, 4 and 5 represent the spectra of the current, voltage and power of healthy and faulty cases under different operating conditions. From the current spectrum (Fig. 3) , it can be seen that the amplitude of the sidebands significantly increases as the load and fault severity increase.
Due to the fact that these components are related to the motor shaft frequency, it is believed that the appearance of these components is caused by the tooth defect. The gear tooth breakage on the gear causes more significant change of the dynamic components of f r2 . Voltage spectrum under different loads and full speed Figure 5 depicts the power spectrum, in a similar way to the current and voltage spectra, the amplitude characteristics for the upper and the lower sideband components clearly appear and exhibit similar variations with the degree of the fault and under all load conditions. Power spectrum under different loads and full speed However, the power spectrum has a peak at 2f s (100 Hz) as explained in equation (14) . It is clear that the power spectrum has more frequency components than those for current and voltage. Furthermore, two sideband components appear at 2ω s ± 2ω F in addition to another two sidebands at 2ω s ± ω F .
Due to the fact that the sideband components are linked to the shaft frequencies, it should be noticed that the amplitude of the 20% tooth damage at f r2 at some points is higher than that of the 40%, which is due to the interaction between the tooth fault, misalignment, gear errors (from manufacturing and installation) and load variations. For more accurate data, the test set was repeated five times. The current amplitudes at upper and lower sideband frequency of the all tests are shown in Figure 6 , which displays a noticeable difference between the three cases. The current amplitudes at upper and lower sidebands frequency for the three cases An increase in fault severity causes an increase in noise, which in turn will cause an overlap in the signals, and this affects detection. Furthermore, the current graph exhibits an inconsistent change in the amplitudes for the upper and the lower sideband components for the five tests in parallel with the increment in the load and also the severity of the fault from 20% of tooth breakage to 40%.
Similarly, the voltage amplitudes at upper and lower sidebands frequency are shown in Figure 7 . The fault was introduced in the gear of the first stage; therefore, the middle shaft frequency (f r2 ) will be affected by the fault more than the input and output shaft frequencies (fr1, fr3).
The voltage spectrum gives a considerable difference between the cases. In particular, it provides more consistent change with the fault severity. The voltage amplitudes at upper and lower sidebands frequency for the three cases
The following figures show the average peaks of the current, voltage and power at the lower and upper sidebands of f r2 . It can be seen that these features are enhanced clearly with the load and fault severity. However, more significant and consistent change is identified in the power spectrum. 
V. CONCLUSION
In this paper, the effect of a gear tooth breakage on electrical motor signals under sensorless VSD has been studied. Induction motor fault detection was carried out using electrical signature analysis techniques based on a two stage helical gearbox mechanical transmission system driven by a sensorless VSD. It is found that the stator current, voltage and power spectra show an increase in sideband amplitude with load and fault severity under sensorless operating mode. The analysis shows that the spectra produce a noticeable change in the current, voltage and power sideband components. Additionally, the power spectrum gives a slightly larger difference between fault cases. In particular, it provides a consistent change with the fault severity.
